Abstract We have tested the predictive value of apparent diffusion coefficient (ADC) histogram analysis in stratifying progression-free survival (PFS) and overall survival (OS) in bevacizumab-treated patients with recurrent glioblastoma multiforme (GBM) from the multi-center BRAIN study. Available MRI's from patients enrolled in the BRAIN study (n = 97) were examined by generating ADC histograms from areas of enhancing tumor on T1 weighted post-contrast images fitted to a two normal distribution mixture curve. ADC classifiers including the mean ADC from the lower curve (ADC-L) and the mean lower curve proportion (LCP) were tested for their ability to stratify PFS and OS by using Cox proportional hazard ratios and the Kaplan-Meier method with log-rank test. Mean ADC-L was 1,209 9 10 -6 mm 2 /s ± 224 (SD), and mean LCP was 0.71 ± 0.23 (SD). Low ADC-L was associated with worse outcome. The hazard ratios for 6-month PFS, overall PFS, and OS in patients with less versus greater than mean ADC-L were 3.1 (95 % confidence interval: 1.6, 6.1; P = 0.001), 2.3 (95 % CI: 1.3, 4.0; P = 0.002), and 2. and LCP \0.71, there was a 2.28-fold reduction in the median time to progression, and a 1.42-fold decrease in the median OS. The predictive value of ADC histogram analysis, in which low ADC-L was associated with poor outcome, was confirmed in bevacizumab-treated patients with recurrent GBM in a post hoc analysis from the multicenter (BRAIN) study.
Introduction
Glioblastoma (GBM), the most aggressive and lethal primary brain tumor, respond unpredictably to standard therapy, resulting in highly variable patient survival [1] . Because of this variable response, a biomarker to predict treatment susceptibility could help guide patient care and avoid side effects from ineffective therapies. In clinical practice, the reference standards of patient response to therapy are 6-month progression-free and overall survival (PFS and OS) [2] . The MacDonald criteria, based on measurable changes in contrast-enhancing lesions [3] , and the recently proposed response assessment in neurooncology (RANO) criteria that also takes into account nonenhancing tumor, have been the primary paradigms for assessing response in recent years [4] . However, tumor burden may be difficult to accurately quantify, especially in patients undergoing anti-angiogenic therapy [5] . Recently, the FDA approved the anti-angiogenic drug bevacizumab (a humanized monoclonal antibody to vascular endothelial growth factor, VEGF) for use in patients with recurrent GBM. Currently, there are no prospectively validated predictive or prognostic biomarkers for bevacizumab response. Biomarkers that either predict clinical outcome following a specific treatment such as bevacizumab, or those that are early markers of tumor response after treatment initiation, are of major interest, as well as a challenge, in clinical oncology research [6] .
The apparent diffusion coefficient (ADC), derived from diffusion-weighted imaging (DWI), is a physiologic parameter calculated based on characteristics of water diffusion within the tissue of interest [7] . In neoplasms, lower ADC values have been shown to correlate with higher cell density [8] . Conversely, higher ADC values have been observed in regions of necrosis and edema [9] . ADC has been investigated as a biomarker for glioma response in the setting of anti-angiogenic therapy [10] [11] [12] . In our previous study [10] , we developed a strategy in which whole ADC histograms extracted from enhancing tumor volumes on pre-bevacizumab treatment MR images were fitted with two normal distribution mixture curves. The subsequently generated ADC classifiers, mean ADC from the lower curve (ADC-L), and the mean lower curve proportion (LCP) were shown to accurately stratify 6-month PFS in bevacizumab-treated patients with recurrent GBM. However, the study was conducted in a relatively small patient cohort (n = 41) in a single medical center (UCLA). In the current study, we analyzed patient data from the BRAIN trial [13] , one of the largest multicenter studies of recurrent GBM patients treated with bevacizumab, to verify the observed predictive feature of ADC histogram analysis in stratifying the outcomes of bevacizumab-treated patients with recurrent GBM.
Methods

Patients
All patients in the current study were part of the BRAIN trial, which was performed to assess the effectiveness of bevacizumab or bevacizumab and CPT-11 (Irinotecan) in patients with recurrent GBM [13] . For this trial, 167 patients from multiple participating centers who had histologically confirmed GBM at first or second relapse were enrolled. Disease progression that led to enrollment in the study was identified on magnetic resonance imaging (MRI) B14 days before the baseline treatment. These patients had failed the initial standard care plan including concurrent radiotherapy (RT) and temozolomide (TMZ), and were required to be at least 8 weeks from the completion of radiation therapy. The baseline was defined as the first day when bevacizumab or bevacizumab ? CPT-11 treatment was given. Bevacizumab was given at a dose of 10 mg/kg. The dose of CPT-11 varied based on different clinical scenarios. All patients were treated for 104 weeks or until disease progression or discontinuation. Other inclusion criteria included Karnofsky performance status (KPS) C70 %; life expectancy C12 weeks; and adequate hematologic, hepatic, and renal function. Patients receiving corticosteroids were required to be on a stable or decreasing dose for at least 5 days before the baseline MRI scan.
Of the 167 patients from the BRAIN study, 97 patients from 9 centers were used in the current analysis, based on the availability of both clinical data and pre-treatment T1 post-contrast images and ADC maps of sufficient quality (Table 1) . Clinical data were acquired from the study investigators independent of the sponsor. Data acquisition was performed in compliance with all applicable Health Insurance Portability and Accountability Act regulations (HIPAA).
To account for the possible confounding effects from radiation therapy (RT), 6-month PFS, a strong indicator of overall-survival for GBM patients [2] , was compared in two patient subgroups. Patients in subgroup 1 received RT more than 3 months before the baseline treatment (n = 80) and patients in subgroup 2 received RT more than 12 months before the baseline study (n = 16), minimizing the likelihood of pseudo-progression in this cohort.
Assessments
Disease progression and survival data were provided by the study investigators according to modified Macdonald criteria [3] . Only contrast-enhancing lesions were measured by MRI. Non-contrast-enhancing lesions were considered non-target lesions in tumor assessment. Progression was determined by contrast-enhancing and non-contrastenhancing lesions. Any new areas of non-enhancing T2 or fluid-attenuated inversion-recovery (FLAIR) signal consistent with tumor were considered as progressive disease. In the absence of radiographic documentation, clinical progression was used to determine progression. At the time of the last assessment (ranging from May 2009 to August 2010 for participating centers), 89 of 97 patients had progressed. All patients were observed until discontinuation from the study, loss to follow-up, study termination, or death.
Tumor volume acquisition and ADC histograms Tumor volumes were segmented on pre-bevacizumab treatment contrast-enhancing T1-weighted images at baseline (pretreatment) by using a semi-automated adaptive thresholding technique as previously described [10] . Non-enhancing regions of macroscopic necrosis as well as cystic areas were excluded by this method. The resulting regions of interest (ROI) encompassing the entire enhancing tumor volume were verified by a board-certified neuroradiologist, blinded to clinical outcome, and mapped to the ADC images (Fig. 1) . ADC values were then calculated on a pixel-by-pixel basis and fitted to a two normal distribution histogram. The ADC classifiers, lower curve mean (ADC-L) and lower curve proportion (LCP), were generated.
Statistical analysis
Based on the mean values of the ADC classifiers generated from the ADC histograms, ADC-L and LCP were dichotomized. Sensitivity and specificity of the dichotomized ADC classifiers for predicting 6-month PFS were calculated. The Kaplan-Meier method with log-rank test was used to estimate the duration of overall PFS and OS and to compare the proportions defined by the dichotomized ADC classifier. Multivariate Cox models were used to test ADC-L and LCP covariates, adjusting for patient age and enhancing tumor volume (at recurrence) on 6-month PFS, overall PFS, and OS. A test of the proportional hazards assumption was used after fitting a multivariate Cox model, and 95 % confidence intervals of all the covariates were generated. For the primary analysis, using two ADC classifiers from three multivariate Cox regression models, P \ 0.008 was accepted as indicating statistical significance to control for the family-wise error rate of 0.05. For the rest of the exploratory univariate analysis, P value of 0.05 was accepted as statistically significant. Analysis was Table 1 shows the baseline characteristics of patients with recurrent GBM from the multiple participating centers.
Results
Patient characteristics
Steroid dose was variable among individual patients in this group.
Univariate Cox model
In a univariate Cox model, ADC-L alone and combined ADC-L and LCP values were predictive of 6-month PFS (ADC-L hazard ratio of 2.1, P = 0.01; combined ADC-L and LCP HR of 2.3, P = 0.003). This predictive value was also significant using the log-rank test (P = 0.0078 for ADC-L; P = 0.0019 for combined ADC-L and LCP). Sensitivity, specificity, and accuracy of ADC-L alone and combined ADC-L and LCP were calculated (Table 2 ).
Multivariate Cox model
Consistent with the previous study, patient age at the time of tumor recurrence was not a significant predictor for 6-month PFS, overall PFS, or OS (P = 0.33, 0.88, 0.49, respectively). The predictive power of ADC-L was confirmed when analyzing 6-month PFS (HR of 3.1, P = 0.001), overall PFS (HR of 2.3, P = 0.002), and OS (HR of 2.4, P = 0.002). LCP alone was only predictive of 6-month PFS (HR of 2.3, P = 0.021), but not overall PFS (P = 0.07) and OS (P = 0.15). In a multivariate Cox model, baseline enhancing tumor volume was shown to be predictive of 6-month PFS, overall PFS, and OS (HR 1.5, P = 0.00433; HR 1.4, P = 0.00488; HR 1.6, P \= 0.00149, respectively; Table 3 ).
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Discussion
Highly variable response of GBM to currently used therapies coupled with short survival times underlie the need for biomarkers that can accurately predict treatment outcome or are early markers for treatment response. Our current study aimed to verify that ADC histogram analysis could serve as a noninvasive imaging biomarker to predict progression-free survival (PFS) and overall survival (OS) in patients with GBM treated with bevacizumab at recurrence. To do this, we performed a post hoc analysis of data obtained from a well-run, large, multi-center clinical trial with a relatively homogenous patient population and welldefined inclusion criteria (the BRAIN trial) [13] . We confirmed a relationship between ADC values and survival. Recently, advanced MRI using sequences dependent on physiologic processes have been advocated as a possible way to further the development of biomarkers in cancer therapy. Diffusion sensitive imaging techniques are one such method as they are dependent on the microscopic structure of tissue, and are sensitive to cell density, necrosis as well as vasogenic and cytotoxic edema. Thus, ADC histogram analysis may provide information on tumors that is additive to standard MRI sequences. ADC histogram analysis has the advantage of being able to extract quantitative physiologic data on all voxels from an MRI scan, sort extracted voxels according to their values, and group similar values together. For GBM, the resultant dataset can then be closely fitted with two normal distribution curves in almost all patients. Our hypothesis is that the lower histogram curve may be more dependent on the viable cellular component of the tumor in areas of limited necrosis, whereas the higher histogram (ADC-H) curve may more closely reflect the edematous/necrotic tissue component associated with areas of increased water diffusivity. This analysis may provide a method to separate these components, and better characterize their potentially independent response, even though the two are mixed together without discernable boundaries in actual tumor tissue. It has been demonstrated for this patient cohort from the BRAIN trial that objective response is a predictor of survival [14] . However, response is, of course, determined subsequent to therapy initiation. The benefit of the current method of analysis is that response prediction is acquired prior to treatment. Previously we demonstrated a relationship between 6-month progression free survival and ADC values in a smaller cohort of patients (n = 41 compared to 97 for the current study). In our initial report, the relationship between ADC values and survival held for bevacizumab-treated patients, but not control patients. This supports the contention that the ADC histogram analysis has a predictive, rather than just prognostic, component. The advance of the present study is that, in addition to using more patients from multiple sites, we used overall survival as an endpoint. Even though imaging analysis was entirely post hoc and no standardization of imaging protocols with respect to diffusion imaging acquisitions was performed among the centers, our analysis confirmed that the ADC classifiers retained significance as a biomarker of bevacizumab response. It is notable that the longest survivors (those living more than 600 days), were all identified by this method.
The accuracy of the predictive model for 6-month PFS was 63 % based on ADC-L alone in the current investigation, less than the accuracy of the prior pilot study (73 %). Maximum specificity of 87 % for progression-free survival was achieved by combining ADC-L and LCP. Further improvements in predictive value may be achievable by combining imaging with other clinical or molecular data [15] , and by improving standardization of the diffusion imaging protocols. The ability to predict response prior to treatment initiation distinguishes the ADC histogram analysis from several other potential markers of antiangiogenic therapy [15] [16] [17] .
The issue of radiation treatment effect is important to consider in the context of this study. Radiation treatment effect can be mistaken for tumor progression, a phenomenon known as ''pseudoprogression'' [18, 19] . This is more likely to occur within 3-6 months of the end of radiation therapy [20] . Since necrosis/edema, which can be associated with pseudoprogression, is thought to increase ADC, this could bias the results in favor of tumors with high ADC. Therefore, we split the analysis into patients that recurred less versus more than 3 months from the end of radiation treatment, and were still able to show predictive significance for the ADC analysis.
Advanced MRI techniques, such as diffusion imaging, are now commonly acquired both in academic and private practice settings. DWI has the advantage of being quickly obtained, does not require contrast injection, and is more reproducible than other advanced physiologic imaging techniques (such as perfusion imaging) [21] . In future clinical trials, optimization of diffusion protocols will likely result in higher image quality and repeatability, potentially improving the accuracy, sensitivity, and specificity of the ADC histogram analysis. For a biomarker to be applied broadly in clinical trials, it needs to be both easy to implement and reproducible. Some studies achieve greater reproducibility in MRI interpretation by using a central review, but this can add cost, particularly if extensive postprocessing of images is required. For the ADC histogram analysis, we have developed computer software that automatically selects enhancing voxels that are above a cut-off value, which should increase reproducibility compared to operator-defined regions of interest (ROIs). However, the ROIs do sometimes require hand-editing, especially for lesions with very small or highly irregular and varying enhancing components. This may decrease reproducibility and may generate errors during fusion to the ADC images. Further validation is required to demonstrate reproducibility of the ROIs and ease of use of the image processing among radiologists at different institutions. Furthermore, although the two normal histograms are automatically generated according to a well-established mathematical formula, it will be important to determine how potentially subtle changes in ROI editing can affect ADC classifiers, and whether this can lead to a change in the prediction of patient response.
Multicenter trials present several challenges for standardization of imaging [22] . These include numerous vendors and platforms for MRI, as well as variations in acquisition parameters. However, our results show that, even in the face of these challenges, ADC histogram analysis may provide a biomarker predicting response to bevacizumab therapy in the recurrent setting. Currently, there are no validated biomarkers for anti-VEGF therapy, although some promising candidates are being investigated [23] . The development of such markers could be an important stratification for future studies, potentially allowing investigators to change patient subgroups analysis, and also allow for reduced subject numbers by focusing on patients who are less likely to respond to bevacizumabcontaining regimens.
In conclusion, our study confirmed the potential value of ADC histogram analysis in stratifying response to salvage chemotherapy with bevacizumab-based regimens in patients with recurrent GBM. Further prospective evaluation in clinical trials with the implementation of standardized imaging methodology may optimize the benefit of this promising marker.
